Introduction
Due to its high protein content and relatively well-balanced amino acid profile, soyabean meal (SBM) has been traditionally used as an important source of dietary protein in the feed industry (NRC, 1998; Teng et al., 2012) . However, SBM contains antinutritional factors such as trypsin inhibitor, phytic acid, antigenic proteins (glycinin (11S) and β-conglycinin (7S)) etc., which can injure mucous membrane in duodenum and jejunum (Li et al., 1991) , reduce nutrient availability and depress animal growth performance and health status (Yen et al., 1977) . As a result, the wide application of SBM in animal production is limited, especially for young animals (Baker et al., 2010) .
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antinutritional factors, hydrolyse proteins to small peptide and amino acids to some extent, produce large amount of enzymes and probiotics, which have a positive effect on animal health and production (Lee et al., 2007; Song et al., 2010; Gao et al., 2013) . FSBM has both high biological values and probiotic functions, so its application will become more extensive.
Even though many researches have proved the positive effects of FSBM on animal production performance, FSBM application has some limits because its price is higher than SBM. Therefore, the ideal application fields of FSBM may be as such: 1. for the young or sick animals because their digestive tracts are underdeveloped or dysfunctional to degrade the antinutritional factors and digest nutrients effectively, 2. in the special feeding periods with large economic profits, such as lactating period or later pregnancy period, etc. Sow's lactating and later pregnancy periods are very important for piglet growth and the further production; however, only few reports are focused on FSBM application in sow's diets. This research focuses on the effect of FSBM on sow's reproduction and their maternal functions for piglet production as well as its acting mechanism.
Material and methods

Preparation of fermented soyabean meal (FSBM) and analyses of antigenic protein and amino acid concentrations
Soyabean meal (SBM) (97%), maize meal (2%) and glucose (1%) were mixed with water at 2:1 ratio (w/v), which was autoclaved at 120 °C for 20 min, cooled at room temperature, and then three species of microbes (Bacillus subtilis, Hansenula anomala and Lactobacillus casei with 1×10 9 colony forming units (CFU) · ml -1 for each species mixed at 2:1:2 ratio) were added by 5% (v/w) according to the previous report (Fan, 2013) . SBM was fermented at 37 °C for 48 h, and dried at 45 -50 °C. The dried products were ground through a 2 mm mill and stored at dry environments. The antigenic proteins were analysed as followed: FSBM and SBM were soaked in extracting buffer (0.05 M Tris-HCL buffer, pH 9.0) at liquid-to-solid ratio of 10:1 for 2 h in 55 °C water bath, and then centrifuged at 9000 g for 30 min at 4 °C. The obtained supernatant was used for the further analysis. Molecular weight of antigenic proteins was analysed using sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS -PAGE) that was carried out according to the previous method (Yin et al., 2007) . Amino acid concentrations in FSBM and SBM were determined with automatic amino acid analyser (Model L-8800; Hitachi High-Technologies Corporation, Tokyo, Japan).
Experimental design and animal management
Thirty-two crossbred (Large White × Landrace) gestating sows of the same age, body condition and parity were used in the trial. They were randomly divided into 4 groups, of 8 sows each. The SBM was replaced with FSBM at 0, 5, 10 and 15% levels. The feeding standards of sows were referred to NRC (1998). The diet compositions and nutrient levels were listed in Table 1 .
The experimental periods lasted 58 days (30 days of pre-farrowing and 28 days of post-farrowing). The sows were kept in pens with slotted floor, with room temperature of 23 -28 °C with 60 -65% humidity during gestation and lactation. The suckling piglets were kept in another box with temperature of 32 -34 °C at the first week of life, and then the temperature was decreased about 2 -3 °C weekly.
Feed and water were given to sows ad libitum. Suckling piglets were offered creep diet freely from 7 day of life until weaning at day 28. Piglets were weighed at birth and weaning. The diarrhoea incidences and mortality of piglets were recorded daily, when feed intake in each group was recorded once a week.
Chemical analyses
The apparent digestibility of nutrients was determined by the inner indicator of acid-insoluble ash (AIA) method (McCarthy et al., 1974; Atkinson et al., 1984) . Faeces were collected separately during a period of 3 consecutive days. Collections were made twice a day, and the faeces of each sow were pooled, dried and sampled for measuring apparent nutrient digestibility. In the diets and faeces samples the crude protein (CP) and ether extract (EE) contents were analysed using the AOAC International (2011) methods No. 984.13 and 920.39, respectively. Calcium (Ca) was determined with potassium permanganate (KMnO 4 ) method and phosphorus (P) was determined with ammonium molybdate ((NH 4 ) 6 Mo 7 O 24 ) method (Jurgens, 1997) .
Digestibility was calculated using equation: nutrient apparent digestibility = 100 -(100 × indicator content in feed / indicator content in faeces × nutrient content in faeces / nutrient content in feed).
Milk analysis
Milk samples were collected from 5 sows in each group on the 21day of lactation. Two ml of milk were collected from each teat of lactating sow, pooled and stored at -20 °C until determining milk composition (fat, protein, lactose, non-fat milk solid) with a near infrared milk analyser (Lacto star 1; Gerber, Berlin, Germany).
Serum biochemical parameters analysis
At the end of the lactation period, blood samples were taken from 5 lactating sows in each group, and centrifuged at 3000 g for 5 min after clotting. The serum was stored at −20 °C until serum biochemical determination. The serum biochemical parameters (content of total protein, glucose, triglycerides, total cholesterol, urea nitrogen, creatinine, immunoglobulin (Ig) A, IgG, and IgM, activity of phosphocreatine kinase, alanine and aspartate aminotransferase) were analysed with an automatic biochemistry analyser (model 7170A; Hitachi High-Technologies Corporation, Tokyo, Japan). Prolactin was determined by an automated chemiluminescence system (DXI800; Beckman Coulter Inc., Brea, California, USA). Serum antioxidant indices such as total antioxidant capacity (T-AOC, Cat. No A015), superoxide dismutase (SOD) activity (Cat. No. A001-1) and glutathione (GSH) content (Cat. No. A005) were measured by the commercially available kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).
Determination of microbial counts and enzyme activity in faeces
Fresh faecal samples from 5 lactating sows in each group were collected without contamination for microbial and enzyme analyses. Faecal samples were serially diluted from 10 −1 to 10 −8 with 0.9% physiological saline for E. coli and with anaerobic solution for lactic acid bacteria (Shapton and Board, 1971) , and then vortexed completely. The mixtures (0.1 − 0.2 ml) were dispensed onto the plates with eosin methylene blue agar for determining E. coli or into anaerobic roll tubes with MRS agar for determining lactic acid bacteria (Hartemink et al., 1997) . The bacteria were incubated for 2 days at 37 °C, and then CFU · g −1 was used to express microbial counts calculated as logarithm (l g) value.
Faecal samples were homogenized with sterile water, and then centrifuged at 5000 g for 20 min at 4 °C to obtain the supernatant for analysing different enzyme activities. Amylase activity was assayed with 2% (w/v) starch solution as substrate (Rick and Stegbauer, 1974) . Protease activity was measured by a modification of the method by using azocasein as a substrate (Lynn and ClevetteRadford, 1984) . Lipase activity was measured according to the method Erlanson-Albertsson et al. (1987) . One enzyme unit is defined as the activity that hydrolyses 1 μmol substrate per min.
Statistical analysis
Experimental data were expressed as the mean and standard errors. The data were analysed using the analysis of variance (ANOVA) procedures of Statistical Analysis Systems Institute (SAS 6.0; 2012, SAS Institute Inc., Cary, NC, USA). Duncan's multiple range test was used to compare treatment means. Differences were considered statistically significant at P < 0.05. 
Results
Nutrient and antigen protein analyses in fermented soyabean meal (FSBM)
Crude protein, acid-soluble protein, lactic acid, Bacillus subtilis, Lactobacillus casei and Hansenula anomala were higher in FSBM than in soyabean meal (SBM) as a result of microbial fermentation (Table 2) . Amino acid analysis indicated that the concentrations of most amino acids except glycine, alanine and methionine were increased in FSBM, when compared with SBM. There was almost no band for the FSBM except one from market, inferring that a lot of antigenic proteins (glycinin and betaconglycinin) are degraded by microbial fermentation and enzymatic hydrolyses (Figure 1 ).
Production performance of sows and suckling piglets
Feed intake of lactating sows fed 15% FSBM was increased, when compared with the control and 5% FSBM groups (P < 0.05; Table 3 ). It was observed that FSBM addition during 30 days of gestation had no significant effect on reproductive parameters such as piglet survival rate, litter weight, or individual piglet weight at birth (P > 0.05). However, the number of weaned piglets and survival rate during suckling were higher in 3 groups containing FSBM than the control group (P < 0.05). The other parameters such as diarrhoea incidences and daily gain of piglets were not significantly different among 4 groups (P > 0.05).
Nutrient digestibility and milk composition
The apparent digestibility of crude protein, ether extract, calcium and phosphorus (Table 4) in the groups with added FSBM was higher than in the control group (P < 0.05). The addition of 15% FSBM had the best effect on digestibility of crude protein, calcium and phosphorus when compared with 3 other groups (P < 0.05). Only 15% FSBM addition could significantly increase the concentration of nonfat milk solids when compared with 3 other groups (P < 0.05; Table 5 ). The other milk parameters such as protein, fat and lactose concentrations were not significantly different among 4 groups (P > 0.05).
Effect of FSBM on serum biochemical parameters of lactating sows
FSBM addition significantly increased serum T-AOC, SOD activity, and GSH and prolactin concentrations (P < 0.05), while decreased serum urea nitrogen and total cholesterol contents, phosphocreatine kinase and aspartate aminotransferase activities (P < 0.05), when compared with the control group ( Table 6 ). FSBM had no significant effect on other serum parameters such as total protein, glucose, triglyceride and creatinine concentrations, alanine aminotransferase activity, and IgA, IgG and IgM contents (P > 0.05). 1.26 ± 0.27 1.14 ± 0.24 1.13 ± 0.09 1.08 ± 0.16 prolactin, ng · ml ABC -see Table 3 Microbes and enzyme activity in faeces FSBM addition significantly increased the counts of lactic acid bacteria in sow faeces (P < 0.05), but it had no significant effect on E. coli counts (P > 0.05), when compared with the control group (Table 7) . What is more, 15% FSBM addition significantly increased faecal protease activity group (P < 0.05), when compared with other three groups; however, three levels of FSBM additions had no significant effect on faecal amylase and lipase activities (P > 0.05).
Discussion
To remove the antinutritional factors and improve biological values of soyabean meal (SBM), many species of microbes such as lactic acid bacteria (Cho et al., 2007) and Bacillus subtilis (Kiers et al., 2003) have been used for fermenting SBM. This result indicated that SBM fermented with the optimal microbial proportions could reduce antigen protein by enzymatic hydrolysis and microbial fermentation as well as increase protein, lactic acid, probiotics, acid-soluble protein, total and most amino acid contents in fermented soyabean meal (FSBM), which is in agreement with previous reports (Hachmeister and Fung, 1993; Zhao et al., 2008) . The higher contents of crude protein, most amino acids and other nutrients in FSBM are due to microbial protein synthesis and organic matter loss during microbial fermentation. It was reported that oligosaccharides were totally removed, non-reducing polysaccharides were decreased by 67%, and protein content was increased by 9.5% after SBM microbial fermentation (Chen et al., 2014) , corresponding to this result.
There are some reports about FSBM application in piglets (Kiers et al., 2003; Feng et al., 2007; Lee et al., 2007; Song et al., 2010) ; however, few reports can be found for its application in sow's reproduction.
The present results showed that replacing SBM by FSBM in lactating sow's diets improved the apparent digestibility of crude protein, ether extract, calcium and phosphorus, due to enzymatic hydrolyses and microbial fermentation in vivo and in vitro (Zhao et al., 2008) . The good production performances of piglets such as lower mortality and higher weaning litter weight in 3 FSBM groups may be due to the existence of the maternal effects from the high biological value of FSBM for sows.
Prolactin promotes both the growth and differentiation of the mammary epithelium for milk excretion, so higher blood serum prolactin concentration of sows may increase milk production and piglet growth (Vanklompenberg et al., 2013) . This study showed a higher serum prolactin concentration in the lactating sows fed diet containing 5 -15% FSBM, inferring that milk excretion would be improved to increase growth and weaning survival rates for suckling piglets. In addition, the composition of milk is also very important for piglet growth (Kim and Wu, 2009 ). This research showed that the contents of milk protein, fat and lactose were not improved by FSBM addition; however, the non-fat milk solid was significantly increased by 15% FSBM addition. The higher growth and lower piglets mortality from the sows fed with FSBM may be due to the maternal effects of higher milk excretion and better milk composition, especially for 15% FSBM addition, maybe due to the high concentration of FSBM in sow diet.
Blood urea nitrogen (BUN) is a very sensitive index to evaluate amino acid requirement and protein metabolism of animals. It was reported that BUN concentration was decreased if dietary amino acid was well balanced (Malmlof, 1988) . In this study, replacing SBM by FSBM in lactating sow diet decreased BUN concentration, which means that biological value of FSBM is better than SBM, and is in agreement with the previous research (Xu et al., 2012) . The lower serum urea nitrogen may be due to the higher digestibility of protein and amino acids in FSBM (Jeong et al., 2015) . In addition, the lower serum contents of phosphocreatine kinase and aspartate aminotransferase caused by FSBM addition indicate that FSBM may be able to protect cells from damages, which will benefit sow's health. Fukushima and Nakano (1996) reported that rats fed with Lactobacillus acidophilus could reduce serum cholesterol content. In this study, replacing SBM by FSBM decreased the total cholesterol concentration in serum of the lactating sows, probably due to the high content of lactic acid bacteria in FSBM. The high counts of lactic acid bacteria in faeces of sows fed with FSBM support the above mentioned hypothesis. This study showed that FSBM could increase serum T-AOC, SOD activity and GSH content of lactating sows, indicating that FSBM can increase sow's antioxidant capacity which can improve sow's health. However, the immunological parameters (serum IgA, IgM and IgG contents) were not influenced by FSBM addition.
Also, this study indicated that 15% FSBM addition increased faecal protease activity of lactating sows. The reason is that the FSBM rich in Bacillus subtilis can secrete more protease. Feng et al. (2007) proved that the activities of total protease and trypsin at the duodenum and jejunum of piglets fed with FSBM increased.
Conclusions
This study showed that replacing soyabean meal by 10 -15% fermented soyabean meal in lactating sow diets increases significantly nutrients digestibility and biological value, improves serum biochemical parameters and antioxidant activity of lactating sows, and increases suckling piglet production performance.
